The effect of litter on seedling establishment can influence species richness in plant communities. The effect of litter depends on amount, and also on litter type, but relatively little is known about the species-specific effects of litter. We conducted a factorial greenhouse experiment to examine the effect of litter type, using two woody species that commonly co-occur in boreonemoral forest-evergreen spruce (Picea abies), deciduous hazel (Corylus avellana), and a mixture of the two species-and litter amount-shallow (4 mm), deep (12 mm) and leachate-on seedling emergence and biomass of three understorey species. The effect of litter amount on seedling emergence was highly dependent on litter type; while spruce needle litter had a significant negative effect that increased with depth, seedling emergence in the presence of hazel broadleaf litter did not differ from control pots containing no litter. Mixed litter of both species also had a negative effect on seedling emergence that was intermediate compared to the single-species treatments. Spruce litter had a marginally positive (shallow) or neutral effect (deep) on seedling biomass, while hazel and mixed litter treatments had significant positive effects on biomass that increased with depth. We found non-additive effects of litter mixtures on seedling biomass indicating that high quality hazel litter can reduce the negative effects of spruce. Hazel litter does not inhibit seedling emergence; it increases seedling growth, and creates better conditions for seedling growth in mixtures by reducing the suppressive effect of spruce litter, having a positive effect on understorey species richness.
Introduction
It is well known that the forest overstorey has significant effects on herb layer cover, composition, and diversity (e.g. [1] [2] [3] [4] [5] [6] ). These effects occur through multiple interacting mechanisms, such as changes in light availability [7, 8] , soil characteristics [9] , soil pH [6, 10] , water availability [5] , and in particular through the effects of plant litter [11] . Plant litter can intercept light and rain, change the surface structure and act as a mechanical barrier for seeds, seedlings and shoots [12, 13] . Litter can also influence the chemical properties and pH of the soil, nutrient availability, and the diversity of fungi and other soil organisms [12, 14] .
Germination and establishment are two key stages in plant community assembly [15] that are particularly sensitive to the presence of litter [12] . Generally, the effect of litter on seedling establishment is negative, and this negative effect increases with increasing amount (see reviews [12, 16] ). The magnitude of the effect that plant litter has on vegetation has been compared to the impact of competition or predation [16] . Hence, patterns of litter accumulation can strongly affect community dynamics and litter plays a direct role in structuring plant communities [12, 16] .
The effect of litter also depends on the vegetation variable considered [16] . Litter can inhibit emergence [16, 17] through alteration of the physical environment (e.g. reduced light availability), mechanical effects (e.g. barriers to seedling emergence), and changes to the chemical environment (e.g. soil pH, leaching of phytotoxins; [12] ). However, litter can also modify environmental conditions to have positive effects on seedling growth by maintaining soil moisture, moderating soil temperature, providing nutrients during decomposition, and reducing interspecific competition [12, 16, 18] . Hence, plant litter can have differential effects on plant performance at different life stages but relatively little is known about these effects in the same study system.
Plant species can exert strong control over community dynamics, and one mechanism is through the species-specific effects of litter. In a meta-analysis of 35 published studies, the effect of litter origin contributed most to the variability in the data [16] . Differential effects of plant litter can occur through differences in litter structure and/or litter quality. For example, grass and tree litter have differential effects on seedling establishment due to litter structure [19] . Litter quality refers to the amount of nutrients and secondary chemicals, in general high levels of nutrients lead to faster decomposition rates, whereas high levels of secondary chemicals and structural carbohydrates slow decomposition [20] . Several studies have found species richness is reduced with poor litter quality [4, 21] .
Litter in natural habitats is rarely monospecific, but consists of a combination of different litter types resulting from the species composition of the community, and redistribution of litter through wind and water [12] . In a review of litter decomposition studies, Richards et al. [22] reported that in approximately half of litter mixtures studied decomposition rates of litter mixtures were higher than expected based on the rates observed in single-species litter. Further, the inclusion of broadleaf litter into needle litter can promote the decomposition of needle litter and dramatically increase soil microbial biomass [23] . However, less is known about the effects of litter mixtures on seedling establishment and inconsistent results have been found. In some cases, the effect of litter mixtures on seedling emergence was as expected based on the impacts of single-species litter and their contribution to the litter mixture (i.e. the biomass ratio hypothesis) [24, 25] , but non additive effects have also been found [26] .
In a boreonemoral forest, Koorem and Moora [27] found higher species richness and biomass below the sub-canopy deciduous shrub, common hazel (Corylus avellana L., hereafter hazel) compared to the dominant evergreen canopy tree, Norway spruce (Picea abies L., hereafter spruce). Depth of the litter layer was only environmental variable differing under the two woody species, with three times deeper litter beneath spruce compared to hazel [27] . Spruce has poor quality litter with low nutrient concentrations and high levels of secondary chemicals [28] , which may also impact on seedling establishment. Hazel has also been found to have a positive effect on the abundance of species of high conservation value [4] , on soil nutrients, and the activity of soil microbes [29, 30] . It has been suggested that the positive influence of hazel on understorey species richness is related to the effects of litter [27, 29] , but this has never been tested experimentally.
In this paper, we address several possible mechanisms for the negative impact of spruce on understorey species to provide a mechanistic explanation to the pattern observed by Koorem and Moora [27] . Specifically, under controlled greenhouse conditions we examined the effect of litter amount (shallow, deep and leachate) and litter type (spruce, hazel and mixed) on seedling emergence and growth of three forest herbs. In particular, we address the following questions: 
Materials and Methods

Study species
We selected three common herbaceous species that co-occur in the understorey of boreonemoral spruce forest with hazel understorey as response species: Geum rivale L. (hereafter Geum), Prunella vulgaris L. (hereafter Prunella) and Hypericum perforatum Crantz (hereafter Hypericum) [27, 31] . These species are all clonal perennial forbs. Mature seeds were collected from Tartu County, Estonia in summer 2008. Seeds were stored at room temperature and moved to a fridge at 25uC a month before the commencement of the experiment to mimic winter conditions. To test the germinability of collected seeds, 100 seeds were randomly selected from all species and germinated in a Petri dish. Percent germination was 78 for Geum, 81 for Prunella and 48 for Hypericum.
Experimental design
Pots (1 dm 3 volume, see Fig. 1 ) were prepared by mixing field soil and sand (ratio 4:1). Soil was collected from a boreonemoral forest with relatively uniform soil conditions [32] to preserve the natural abundance and composition of soil organisms.
In the greenhouse, a fully factorial design (Table 1 ) was used to test the effect of litter amount (shallow, deep and leachate), litter type (spruce, hazel and spruce + hazel, hereafter mixed) on three understorey species (Geum, Hypericum, Prunella), giving 24 treatment combinations that were replicated 15 times. An additional 15 control pots were included for each plant species, which received no litter. Ten seeds were sown in each pot on the soil surface and were either covered with litter or left uncovered (controls).
Freshly senesced, undecomposed leaves of hazel were collected in autumn 2008 and stored at 220uC until use. Branches of spruce were cut in autumn 2008; fallen needles were collected afterwards and stored at 220uC. Litter of hazel was cut to smaller pieces (2 cm 2 ) to provide an even coverage of the pots ( Figure 1 ) and to enable litter mixtures to be formed. Cutting can change the physical structure of the litter and increased leaching or microbial degradation compared to field conditions, but as the leaves of deciduous hazel are fragile and decompose quickly [29] , we do not expect this to significantly alter seedling responses in our experimental treatments.
Litter was applied to pots at 4 mm depth (hereafter shallow litter) and at 12 mm depth (hereafter deep litter), which was measured with a ruler in three places in each pot. For mixtures, equal amounts of spruce and hazel litter were mixed together and then applied to the pots. We were interested in the effect of depth and not mass, hence this differed for each species, mean weight for deep litter treatments was 16.42 g for spruce, 5.73 g for hazel and 11.72 g for mixed. The treatments simulate the mean depth of the litter layer found under hazel and spruce respectively [27] . Leachate was extracted by collecting 12 mm (same as the deep litter treatment) of spruce, hazel and mixed litter and placing it in mesh bags (15 bags, one per pot), which were kept in water (156100 ml) for 48 h before the first application. Leachate (100 ml/pot) was then applied to pots every two days when the other pots received the same amount of tap water. Water was continually added to the mesh bags to simulate natural decomposition rates under field conditions. The leachate treatment was used to compare the chemical effects of spruce, hazel and mixed litter. The experiment commenced in February 2008 and ran for 65 days. Day length was 16 h of continuous light.
Data collection
Seedlings were recorded as emerged once cotyledons were visible. After 26 days, we selected the three individuals that were most distant from each other and removed the others from the pot to avoid intraspecific competition. We recorded and removed emerged seedlings at regular intervals until the end of the experiment (65 days). The cumulative number of emerged seedlings was used in the analysis. Plants were removed from the pots and soil was washed away from the roots. Shoot and root biomass was harvested, dried at 70uC to a constant weight and weighed.
Data analyses
We calculated logarithmic (log) response ratios to estimate seedling responses to the litter treatments [33, 34] . Log response ratio was calculated as: ln emergence or biomass of treated plant/ average emergence or biomass of control plants. Log response ratios are standardized between all species, and therefore can be used to test for differences in the average species response to litter [34] . Seedling shoot and root mass was very small (especially for Hypericum), therefore total biomass per pot was used in further analyses. Total biomass of some plants was very small (,0.0001 g, the exact weight was not possible to measure with the scale used), therefore we added 0.0001 g to all biomass measures and those values were used for further analyses to able data of all seedlings to be used in the analysis. As the log response ratio can not be calculated for the pots without emerged seedlings, they were excluded from further analysis and therefore replication was reduced for some treatments (Table 1) . Log response ratio may therefore overestimate emergence success; in current study, however, the results obtained with log response ratio are in accordance with mean emergence success (see Figure S1 ).
The effect of litter was considered significant when the 95% confidence of intervals did not overlap with zero (i.e. treated values were different from the control). We used three-way analysis of variance (ANOVA) with Tukey's HSD test to compare the log response ratio of seedling emergence and biomass of three understorey species under the different litter treatments (litter amounts: shallow, deep, leachate and litter types: spruce, hazel, mixed). ANOVA and Tukey HSD test were performed using Statistica (version 7.0, StatSoft Inc, Tulsa, U.S.A.).
This study complies with the laws of Estonia in which the greenhouse experiment was performed. No special permits were required.
Results
Seedling emergence
Seedling emergence was significantly affected by the litter amount treatments (Table 2 ) with greater inhibition with deep litter (Figure 2A ). Emergence was also significantly affected by litter type (Table 2) , being lowest with spruce litter, intermediate with mixed litter and least suppressed by hazel litter (all three treatments differed significantly, Figure 2A ). However, there was a significant interaction between litter amount and litter type (Table 2, Figure 2A) . Spruce litter had a negative effect on emergence which increased with depth. Mixed litter also inhibited emergence, with the strongest negative effect in the deep litter treatment, whereas, seedling emergence in the shallow and deep hazel litter treatments did not significantly different from the control (95% confidence intervals overlapping 0-line), and there was no difference with increased depth (Table 2, Figure 2A) .
There was also a significant interaction between understorey species and litter amount ( Table 2 , Figures 3A, 3B and 3C ). Emergence of Geum was mildly suppressed by shallow litter, and inhibited more by deep litter ( Figure 3A) . Emergence of Hypericum was equally highly suppressed by shallow and deep litter ( Figure 3B ). Emergence of Prunella was suppressed only by deep litter, while shallow litter had no significant effect ( Figure 3C ). There was also a significant interaction between understorey species and litter type ( Table 2 , Figures 3A, 3B and 3C ). Table 1 . Number of pots with emerged seedlings (n for emergence analysis) and seedlings at the end of the experiment (n for biomass analysis) in the different litter treatments. Emergence of all species was strongly inhibited by spruce and less suppressed by mixed litter. The effect of hazel litter was different for all species: the effect was significantly negative for Hypericum, neutral for Geum and slightly, but significantly positive for Prunella ( Figures 3A, 3B and 3C ). The effect of litter differed significantly between all the litter types for emergence of Geum and Hypericum ( Figures 3A and 3B ), but there was no difference between hazel and mixed litter on the emergence of Prunella ( Figure 3C ). Leachate significantly inhibited seedling emergence compared to the control (Figure 2A) , with greatest inhibition with spruce leachate and significantly less inhibition in the hazel and mixed litter treatments which did not differ from each other ( Table 2 , Figure 2A ). Both Geum and Hypericum responded similarly to leachate ( Figures 3A and 3B) , but Prunella had a positive response to hazel and mixed litter leachate and a slightly negative response to spruce leachate ( Figure 3C ).
Seedling biomass
All litter amounts had a significant effect on biomass compared to the control (95% confidence intervals were not overlapping the 0-line), and differed significantly from each other, the positive effect of litter on biomass increased with depth (Table 2, Figure 2B ). Compared to the control, biomass was also significantly affected by litter type and all three litter types differed significantly from each other (Table 2, Figure 2B ). Spruce litter had a strong negative effect, mixed litter had a milder suppressive effect and hazel litter had a marginal, but significant positive effect on biomass. However, there was a significant interaction between litter amount and litter type (Table 2, Figure 2B ). The effect of shallow and deep spruce litter did not differ from the control. Shallow hazel litter did not significantly affect biomass, but the effect was significantly positive for deep litter (Table 2, Figure 2B ). Mixed litter had a significantly positive effect on biomass that increased with depth ( Figure 2B ).
There was also a significant three way interaction between litter amount, litter type and understorey species (Table 2 , Figures 3D,  3E and 3F ). For shallow litter, Geum and Hypericum had a neutral response to spruce and hazel litter and a positive response to mixed litter ( Figures 3D and 3E ). Prunella had a negative response to shallow hazel litter and no response to spruce and mixed litter ( Figure 3F ). For deep litter, all understorey species had a neutral response to spruce and a positive response to hazel litter, but the effect of mixed litter was positive for Geum and Hypericum and neutral for Prunella ( Figures 3D, 3E and 3F ).
Leachate had a significant negative effect on biomass compared to the control and all litter types differed significantly from each other (Table 2, Figure 2B ). The greatest inhibition was found with spruce leachate, less with mixed litter and a mild negative effect of hazel leachate ( Figure 2B ). All understorey species responded significantly negatively to leachate of spruce and mixed litter, while leachate of hazel had a milder but also a significant negative effect on Geum and Prunella, and no impact on Hypericum ( Figures 3D, 3E  and 3F ).
Discussion
The aim of this study was to disentangle the effects of litter amount and type on understorey species to provide a mechanistic explanation to the increased species richness and biomass found under hazel compared to spruce [27] . Our experimental results confirm that both seedling emergence and biomass are strongly Table 2 . Results of three-way ANOVA on the effect of litter type (LT), litter amount (LA) and understorey species identity (S) on log response ratio of seedling emergence and biomass. affected by litter amount ( Table 2 , Figures 2 and 3 ). As expected, increased depth of litter had a greater negative effect on seedling emergence suggesting a mechanical impediment to germination, consistent with other studies and providing some support to our first proposed mechanism (e.g. [16, 25, 35] ), but the effect of litter amount depended on litter type supporting our third mechanism that neither litter amount or litter type alone can explain the patterns observed in the field. Increased depth of spruce litter had an increasing negative impact on seedling emergence, but this was not the case for hazel which had a neutral effect on emergence, regardless of depth. The increased negative effect of spruce litter on seedling emergence with increased depth suggests the negative effect of spruce occurs partly through physical interference [12] . However, the effect of hazel litter was not different from control pots regardless of depth suggesting that the negative impact of spruce litter observed in the field is not due to depth per se. Different effect of litter types have been attributed to differences in litter structure [19, 25, 36, 37] . Donath and Eckstein [37] suggested that emergence from below oak litter may be easier compared to grass litter which forms dense mats on the ground, because seedlings may displace oak leaves during emergence. Spruce needle litter also forms dense mats, whereas hazel leaves stay loose on the ground and rapidly loose mass, and this might explain differential effects of litter type found here.
Chemical effects of litter are also important and are generally negative [12] , but can also be positive depending on litter origin [24] . The negative effect of both hazel and spruce leachate on seedling emergence suggest in our case only inhibitory effects. Leachate of spruce had stronger negative effects on seedling emergence than hazel and mixed litter suggesting both mechanical and chemical inhibition of spruce on seedling emergence. Interestingly, hazel and mixed litter treatments did not differ from each other suggesting that in mixtures hazel reduces chemical inhibition by spruce. In mixtures, non-additive effects of leachate were found possibly because the rapidly decomposing hazel litter may dominate during the early stages of the experiment when seeds were germinating.
Seedling emergence of all three understorey species was significantly inhibited by spruce and mixed litter (Table 2, Figure 3 ). This is consistent with patterns in the field in which no herbaceous species were significantly associated with spruce [27] . Further, both Hypericum and Geum were found more frequently under hazel compared to spruce in the field [27] . Generally, seedling emergence was uniformly influenced by litter but there were some differences in responses to litter even among the similar species tested in this study. There are several reasons why species are differentially affected by litter, including seed size, germination cues and shoot morphology [17, 38] . It is not possible to determine the mechanisms operating in this study, but differences can be related to seed size. Seedling emergence under litter was lowest for Hypericum which have very small seeds (weight 0.008 g [39] ) and was considerably higher for Geum and Prunella which have bigger seeds (weight 1.06 g and 0.8 g respectively [39] ). A previous study found that Hypericum is suppressed by litter due to both the physical presence of litter (altering germination cues) and mechanical impediments probably due to small seed size [38] .
Litter in natural habitats is rarely monospecific [12] and the litter experienced by understorey species in natural ecosystems is most similar to the mixed litter treatment. For seedling emergence, we found support for the biomass ratio hypothesis, with the effect of the litter mixtures intermediate between the single-species treatments [25] . Non-additive effects may be found if the inclusion of hazel litter increases spruce litter decomposition rates, but these effects might not be apparent in the current experiment for seedling emergence stage because decomposition rates might not have been affected. In our study, additive effects probably occur due to the changes in the litter structure in mixtures enabling greater seedling emergence compared with pure needle spruce litter.
The effect of litter on seedling growth ranged from neutral to positive contrasting with the mostly negative effects on seedling emergence. The positive effect of hazel litter that increased with depth on seedling growth may be due to more stable temperature and/or moisture conditions compared to bare ground [12, 19, 40] and/or faster decomposition rates of deciduous litter releasing nutrients for seedling growth [41] . The marginally positive effect of shallow spruce litter suggests that the litter structure does not create better conditions for growth compared to bare ground. It is also possible that positive and negative effects are balanced out, i.e. the positive effects are reduced by strong chemical inhibition resulting in neutral effects. Importantly, spruce litter does not inhibit growth, contrasting with its effects on seedling emergence. However, for biomass a strong negative effect of spruce extracts was found in both single-species and mixed litter treatments compared to a mild effect of hazel extracts. Hence, the physical presence of spruce litter is not negative for growth but chemical inhibition of growth still occurs.
Deep hazel and mixed litter had significant positive effects on seedling biomass that did not follow the biomass ratio hypothesis. The effect of mixing spruce litter with hazel creates better conditions for plant growth as suggested by the switch from a neutral effect of deep spruce litter to positive in mixtures. A probable mechanism for the positive influence of mixed litter on growth can be due to faster decomposition which has been reported for deciduous litter compared with evergreen litter [2, 29] . Accelerated litter decomposition releases nutrients more rapidly, turning litter mixtures into more favorable conditions for seedling growth. However, litter mixture effects on decomposition rates are difficult to predict from litter quality of species mixes [28, 42] .
In conclusion, hazel has a positive influence on species richness in boreonemoral spruce forests [27] and this is partly due to plant litter -hazel litter does not inhibit seedling emergence, increases seedling growth and in mixtures creates better conditions for seedling growth by reducing the suppressive effect of spruce litter. The effects of litter differ according to type (structure and quality), amount, response species identity and life-history stage. Our study is the first that we know of reporting contrasting effects of litter mixtures at different life-history stages: additive effects for seedling emergence and non-additive effects for seedling biomass. However, as conditions in the glasshouse are relatively artificial compared to field conditions, the next step is to examine the effect of litter mixtures on different plant life-history stages under field conditions, incorporating natural microbial communities and different decomposition stages. 
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